The Yeast Estrogen Screen (YES) is used to detect estrogenic ligands in environmental samples and has been broadly applied in studies of endocrine disruption. Estrogenic ligands include both natural and manmade "Environmental Estrogens" (EEs) found in many consumer goods including Personal Care Products (PCPs), plastics, pesticides, and foods. EEs disrupt hormone signaling in humans and other animals, potentially reducing fertility and increasing disease risk. Despite the importance of EEs and other Endocrine Disrupting Chemicals (EDCs) to public health, endocrine disruption is not typically included in undergraduate curricula. This shortcoming is partly due to a lack of relevant laboratory activities that illustrate the principles involved while also being accessible to undergraduate students. This article presents an optimized YES for quantifying ligands in personal care products that bind estrogen receptors alpha (ERα) and/or beta (ERβ). The method incorporates one of the two colorimetric substrates (ortho-nitrophenyl-β-D-galactopyranoside (ONPG) or chlorophenol red-β-D-galactopyranoside (CPRG)) that are cleaved by β-galactosidase, a 6-day refrigerated incubation step to facilitate use in undergraduate laboratory courses, an automated application for LacZ calculations, and R code for the associated 4-parameter logistic regression analysis. The protocol has been designed to allow undergraduate students to develop and conduct experiments in which they screen products of their choosing for estrogen mimics. In the process, they learn about endocrine disruption, cell culture, receptor binding, enzyme activity, genetic engineering, statistics, and experimental design. Simultaneously, they also practice fundamental and broadly applicable laboratory skills, such as: calculating concentrations; making solutions; demonstrating sterile technique; serially diluting standards; constructing and interpolating standard curves; identifying variables and controls; collecting, organizing, and analyzing data; constructing and interpreting graphs; and using common laboratory equipment such as micropipettors and spectrophotometers. Thus, implementing this assay encourages students to engage in inquiry-based learning while exploring emerging issues in environmental science and health.
Introduction
The Yeast Estrogen Screen (YES) is widely used to quantify ligands that mimic estradiol (E2 or 17β-estradiol) in a variety of matrices, including water, plant tissues, consumer products, and foods solvent that can dissolve a variety of polar and nonpolar solutes. Moreover, it is suitable for undergraduate courses because it is readily available, relatively nontoxic, affordable, and miscible with water; it also evaporates easily without special equipment. However, ethanol is not ideal for extracting strongly hydrophobic endocrine disruptors or many oils and waxes, the latter two being common ingredients in PCPs. Poor extraction efficiency increases the risk of false negative findings. With this constraint in mind, investigators should choose extraction procedures (e.g., ethanolic extraction or solid phase extraction) that address sample characteristics and meet study objectives (research versus undergraduate instruction).
The YES relies on recombinant Saccharomyces cerevisiae originally created by Dr. Charles Miller at Tulane University. Please see Miller et al. (2010) for a complete map of the engineered plasmid 14 . Yeast transformed with these plasmids constitutively express human nuclear ERα or ERβ (also called ESR1 and ESR2, respectively) when grown in media containing galactose (for ERα) or either glucose or galactose (for ERβ). If estrogenic chemicals are present in the media, they bind to the receptors, creating ligand-receptor complexes that activate β-galactosidase (lacZ) expression at a level proportional to the concentration of estrogenic chemicals. Yeast cells are then lysed to release the accumulated β-galactosidase. The lysis buffer contains either ONPG or CPRG, which are cleaved by β-galactosidase to yield yellow or red products, respectively. Colorimetric products can be quantified by measuring absorbance using a microwell plate spectrophotometer. The degree of color change is proportional to the concentration of estrogenic ligands to which the yeast was exposed.
The choice of substrate (CPRG or ONPG) depends on the potential for background absorbance arising from the samples being tested. For example, plant extracts will often add a yellow hue to the media that artificially inflates estrogenicity measures if ONPG (quantified at 405 nm) is used as the substrate for β-galactosidase. With plant extracts, CPRG (quantified at 574 nm) may be a more appropriate colorimetric substrate. CPRG is more expensive than ONPG but is used at one tenth the molarity. This article presents estrogenicities of PCP extracts quantified using both ONPG and CPRG.
Quantifying estrogenicity of environmental samples using both ERα and ERβ is a more comprehensive approach than using only one of these receptors. In animals, these receptors exhibit differential tissue distribution, regulatory activities, and binding affinities for estrogenic and antiestrogenic ligands 15 . For example, plant-based phytoestrogens typically bind ERβ more strongly 2 , whereas synthetic chemicals can show preference for either ERα or ERβ or can bind both receptors equally well 15 . Therefore, binding to one estrogen receptor does not necessarily predict binding to the other.
Although EEs are found in many consumer products (e.g., pesticides, detergents, adhesives, lubricants, plastics, foods, and pharmaceuticals) as well as plants, the presented data were obtained using a selection of PCPs. PCPs are compelling, readily available, budget-friendly, and environmentally relevant for undergraduate students. Students can be invited to bring their favorite PCPs from home to test in the laboratory. They can also search the Skin Deep database developed by the Environmental Working Group 16 to generate hypothesis-driven comparisons of PCPs with high and low toxicity scores. In this way, students can simultaneously develop advanced laboratory skills; engage in self-directed, inquiry-based learning; and explore emerging issues in environmental science and health.
Protocol

Making Reagents
1. Prepare glucose and galactose media by mixing 6.7 g yeast nitrogen base, 20 g dextrose or galactose, 20 mg adenine sulfate (added as 10 mL of a 200 mg/100 mL aqueous stock solution), 20 mg uracil (added as 10 mL of a 200 mg/100 mL aqueous stock solution), 60 mg leucine (added as 6 mL of a 1 g/100 mL aqueous stock solution), and 20 mg histidine (added as 2 mL of a 1 g/100 mL aqueous stock solution) in deionized water to a final volume of 1 L. Figure 1 ). During pipetting, keep the source yeast suspended by continuously swirling the container or mixing with the pipette. For this step, it is helpful to use a repeating pipettor with a sterile syringe tip. Note: Polypropylene plates are sterilized by autoclaving two stacked plates wrapped in foil. The top plate serves as a lid for the sample plate and can be washed, re-autoclaved, and reused. 3. Add 120 µL filter-sterilized galactose media to 3 additional wells (H10 -12) according to the plate layout (Figure 1 ). These wells serve as media controls to account for absorbance contributed by the media alone. 4. Construct a standard curve in each plate by serially diluting triplicates of E2 working standards (227.5 nM for ERα, 9.75 nM for ERβ) in wells containing the yeast suspension (A1 -G3) according to the plate layout (Figure 1) . Begin by by adding 5 µL of E2 standards to wells A1 through A3. Mix microwell contents by pipetting, and then serially dilute this suspension by moving 205 µL from wells A1 -3 into wells B1 -3.
Repeat the mixing and transfer of 205 µL through row G. Note: After the serial dilution is completed, discard 205 μL from wells G1 -3. At the end of this step, all standard wells should contain 120 μL. The serial dilution will yield the final E2 concentrations listed in Table 1 . For the serial dilution steps, it is helpful to use a multichannel pipettor with sterile tips. 5. Add 5 µL of vehicle (50% ethanol) to vehicle control wells containing the yeast suspension (H1 -3) according to the plate layout (Figure 1) . NOTE: Vehicle control wells are used to quantify background absorbance associated with yeast cells and media. Additionally, cytotoxicity or growth promoting effects of test samples can be detected by comparing the OD 610 values of test wells with those of vehicle control wells. 6. Add 5 µL triplicates of samples and negative extraction controls to wells containing the yeast suspension according to the plate layout ( Figure  1) . Note: Make a note of which samples or negative extraction controls are added to each well. To keep track of which wells have samples and which do not, start with a fresh box of tips and use tips from the same locations in the box as the locations of the corresponding wells in the plate. One 96-well plate can accommodate up to 23 samples in triplicate. 7. Mix the contents of the sample, extraction control, and vehicle control wells by pipetting. Adjust volumes of these wells to 120 µL by removing 205 µL from each as described in the legend for Figure 1 Note: When working with CPRG, incubation times are flexible; incubating for 2 -4 h yields suitable results with both receptors, with longer incubations increasing assay sensitivity. 5. After incubating plates, use a multichannel pipette or repeating pipettor to add 100 µL of sodium carbonate to each well. Sodium carbonate raises the pH and halts the β-galactosidase reaction. 6. Measure and record the OD 405 (for ONPG) or OD 574 (for CPRG) of all wells using a plate spectrophotometer.
Calculating LacZ Values
NOTE: LacZ values quantify the degree of color change for each sample and offer a normalized method of comparing values among separate assays by accounting for several variables (e.g., yeast optical density, media optical density, and incubation time if this differs among wells on the same plate) 12 .
1. Calculate means of triplicate OD 610 values for media (galactose) control wells (H10-12), and calculate means of triplicate OD 405 or OD 574 values for vehicle (50% ethanol) controls (H1-3). Use these means and the incubation time (t) in hours for the plate to change color (step 5.5) to calculate LacZ values (corresponding to the degree of color change in each well) for all standard and sample wells using the following equations:
1. Alternatively, use the automated application in Appendix 1 to calculate LacZ values for standards and samples. Note: The plate layout used with the application must be identical to the plate layout presented in Figure 1 . If some sample wells were not used, retain absorbance readings from the empty wells as place holders in the absorbance dataset being pasted into the Appendix 1 LacZ application. This preserves the spatial layout of the plate in the application and ensures that media control wells are in their required location. Additionally, the application will not execute if there are empty cells. . Log-transform the concentrations of each E2 standard, and generate a spreadsheet document formatted as in the template.csv file (Appendix 2).
Representative Results
The estrogenicities of triplicate samples of 15 PCPs were evaluated using this YES protocol. As noted by Miller et al. (2010) , assays with yeast expressing ERβ were more than an order of magnitude more sensitive than assays with yeast expressing ERα (Figure 2) 14 . Therefore, estrogenic activity was more often detected with ERβ-expressing yeast ( Table 2) . Eight PCPs exhibited estrogenic activity with ERβ and 5 PCPs exhibited estrogenic activity with ERα. Hair cream, sunscreen, lotion, and lip balm samples were estrogenic with both receptors, whereas foundation, shaving cream, and nail polish were only estrogenic with ERβ at the tested concentrations. Seven other PCPs (4 shampoos, 2 soaps, and 1 lip balm) were not estrogenic with either receptor at the tested concentrations.
In addition to receptor sensitivity differences, EEQs for each sample differed depending on the colorimetric substrate (ONPG or CPRG) used in the assay ( Table 2) . In all but one sample, EEQs determined using ONPG were higher than those determined using CPRG. Moreover, variation among extraction replicates was lowest for EEQs measured with ERβ and CPRG and highest for EEQs determined with ERα and ONPG ( Table  2 ).
In addition to comparing colorimetric substrates, 1 aim of the present study was to test incubation duration times that are compatible with the schedule of an undergraduate laboratory course. The typical YES assay requires a 17 h incubation followed immediately by incubation in LacZ buffer for 40 min -4 h, a schedule that is impossible to implement in a teaching laboratory constrained by a single weekly session. To facilitate use of this assay in teaching, the assay was modified by introducing a 6 d refrigeration period (step 5.1.2) after the 17 h incubation. Standard curves from refrigerated plates were comparable to those from non-refrigerated plates (Figures 2 & 3) , except that the standard errors of parameters estimated using four-parameter logistic regression models were all smaller for refrigerated plates than for nonrefrigerated plates (Table 3) . Thus, refrigerating plates for 6 d reduces error and improves the accuracy of EEQ estimates. Table 1 . Note that, at the end of the serial dilution process, 205 µL must be discarded from wells G1 through G3 to achieve a final volume of 120 µL in each well. Sample and negative extraction control wells were prepared by adding 5 µL of each extract (dissolved in 50% ethanol) to 320 µL of yeast. Vehicle control wells (H1 -3) were prepared by adding 5 µL of 50% ethanol to 320 µL of yeast. All sample and control wells were mixed by pipetting, and 205 µL were removed and discarded to adjust well volumes to 120 µL each. Lastly, media controls were prepared by plating 120 µL of galactose media into wells H10 -12. To use the LacZ calculator in Appendix 1 and the R-based application described in Appendix 2, the E2 standard curve and vehicle and galactose media controls must be plated as shown. Samples and negative extraction controls can be plated in any of the white wells as long as the order of plating is noted. Please click here to view a larger version of this figure. Table 2 . EEQs of PCPs with non-zero EEQs. Three aliquots of 15 PCPs and three extraction controls were homogenized in anhydrous ethanol, evaporated, and reconstituted in 50% ethanol for a total of 48 samples, each of which was analyzed in triplicate using the YES assay. Eight PCPs had at least 1 non-zero EEQ, while 7 PCPs were not found to be estrogenic at the tested concentrations. EEQ 1, EEQ 2, and EEQ 3 refer to the three aliquots of each PCP, each tested in triplicate on a separate plate. Values for EEQ 1, EEQ 2, and EEQ 3 are the means of the triplicates for each aliquot. Yeast used in the assay expressed 1 of 2 isoforms of human estrogen receptors (ERα or ERβ). Two colorimetric substrates, ONPG and CPRG, were tested using the non-refrigerated protocol. EEQs were determined using four-parameter logistic regressions (with R 2 values ≥ 0.98) of LacZ values at each of 7 concentrations of E2. ND = below detection limit of the assay. --= lost replicate. The YES assay is a powerful screening tool for detecting estrogenicity in environmental samples. Specifically, the YES detects ligands that bind nuclear estrogen receptors that interact with estrogen response elements to direct gene expression 14 . However, the YES also has important limitations. The YES does not detect EEs that work through non-nuclear mechanisms such as membrane estrogen receptors or mechanisms that involve additional elements such as Activator Protein 1 (AP-1) transcription factors. Moreover, because yeast do not have the same metabolic capacity as mammalian cells, the YES cannot detect ligands that require metabolic activation to be estrogenic.
Standard Number [E2] for ERα yeast (pM) [E2] for ERβ yeast (pM)
In addition, the YES assay cannot readily differentiate between estrogenic and anti-estrogenic ligands in complex samples. Instead, it measures net estrogenicity, which is the sum effect of estrogenic and anti-estrogenic ligands. To quantify the concentration of ER antagonists or evaluate the inhibitory activity of mixtures, the assay can be modified by incubating yeast with both the standard agonist (17β-estradiol) and a range of test sample concentrations 12 . This process determines if antagonists in the samples can diminish agonist-induced reporter activity and provides a useful screen for identifying the presence of ER antagonists in samples.
The protocol presented here can accommodate a variety of sample types, although some samples may require modifications to the extraction and sample preparation steps. For example, EEQs varied widely among replicates of some personal care products. The more variable samples tended to contain oil droplets or were otherwise not entirely homogeneous, indicating that a more lipophilic solvent such as diethyl ether would be helpful. Alternatively, oils and wax in personal care products could be excluded by extracting samples with 50% ethanol instead of 100% ethanol. A 50% ethanol extraction will also capture more water soluble estrogenic ligands (e.g., some pigments). However, 50% ethanol evaporates more slowly than 100% ethanol and thus may extend extraction time. Additionally, some samples (such as soaps) were cytotoxic to yeast, resulting in reduced cell density measurements (OD 610 ). Fox et al. (2008) suggest that such samples should be diluted and retested if cell density differences exceed 30% compared to vehicle control wells 12 .
If the YES assay is used for analytical research purposes, dilution curves of sample pools can be tested to preemptively determine appropriate volumes of extract to be added to yeast in step 4.5. Alternatively, extracts can be simultaneously tested at multiple volumes (e.g., 5 µL and 20 µL extract added to yeast in step 4.5) or dilutions that span orders of magnitude (e.g., 0.2 µL, 2 µL, and 20 µL). "Appropriate" volumes of extract are those that identify estrogenicity by matching LacZ values along the linear part of the standard curve. Optimization prevents problems caused by adding too much or too little sample to the yeast, such as cytotoxicity, false negatives, or estrogenicity that exceeds the standard curve. As mentioned above, the volumes of samples and E2 standards should be adjusted when different amounts of ligand are used such that yeast are exposed to a consistent volume and concentration of ethanol or other vehicle across the plate.
Despite the potential for false negatives, the YES assay has been identified as a Tier 3 testing tool for endocrine disruptors by Schug et al. (2013) , who developed a comprehensive Tiered Protocol for Endocrine Disruption (TiPED) 21 . For undergraduate education, the assay is valuable for teaching concepts related to endocrine disruption, cell culture, receptor binding, enzyme activity, genetic engineering, statistics, and experimental design. Students who use the assay also practice fundamental and broadly applicable laboratory skills such as serially diluting standards; extracting samples; making solutions; constructing and interpolating standard curves; calculating concentrations; making solutions; demonstrating sterile technique; culturing cells; identifying variables and controls; collecting, organizing, and analyzing data; constructing and interpreting graphs; and using common laboratory equipment such as micropipettors and spectrophotometers.
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